Abstract. The organization and sequence of genes encoding the al-proteinase inhibitor (oqPI), a major serine proteinase inhibitor of the mammalian bloodstream, have been compared in several species, including murine rodents (genus Mus). Analysis of gene copy number indicates that amplification of oqPI genes occurred at some time during evolution of the Mus genus, leading to fixation of a family of about three to five genes in several existing species (e.g., M. domesticus and M. saxicola), and only a single gene in others (e.g., M. caroli). A phylogeny for the various mammalian alPI mRNAs was constructed based upon synonymous substitutions within coding regions. The mRNAs in different murine species diverged from a common ancestor before the formation of the first species lineages of the Mus genus, i.e., about 10-13 million years ago. Thus, cxlPI gene amplification must have occurred prior to Mus speciation; gene families were retained in some, but not all, murine species. The reactive center region of the oqPI polypeptide, which determines target protease specificity, has diverged rapidly during evolution of the Mus species, but not during evolution of other mammalian species included in the analysis. It is likely that this accelerated evolution of the reactive center, which has * Present address: Magee Women's Research Institute, Department of Genetics, University of Pittsburgh, Pittsburgh, PA 15213, USA Correspondence to: F.G. Berger been noted previously for serine proteinase inhibitors, was driven by some sort of a positive Darwinian selection that was exerted in a taxon-specific manner. We suggest that evolution of eqPI genes of murine rodents has been characterized by both modification of gene copy number and rapid reactive center divergence. These processes may have resulted in a broadened repertoire of proteinase inhibitors that was evolutionarily advantageous during Mus speciation.
Introduction
A primary feature of the evolutionary process is the modification of both the structure and regulation of protein-encoding genes. Structural changes may result in amino acid sequence alterations that could impact upon the function of the encoded polypeptide; regulatory modifications perturb expression patterns, including developmental timing, cell specificity, and responses to metabolic effectors. In total, these effects generate diversity in gene structure and function among existing species (Wilson et al. 1977; Ohta 1991) . A fundamental question pertains to the nature and extent of selection pressures that drive the appearance and fixation of such diversity.
cxrProteinase inhibitor (alPI), also called oq- 122 antitrypsin, is a mammalian serine proteinase inhibitor that specifically recognizes trypsinlike proteinases (Travis and Salvesen 1983; Carrell and Travis 1985; Carrell et al. 1987) . It is produced almost exclusively in the liver, and is secreted into the bloodstream, where it functions primarily in the control of neutrophil elastase activity (Travis and Salvesen 1983) . The molecular elements responsible for liver specificity of oqPI gene transcription have been studied in detail, and a number of cis-acting elements that interact with a variety of DNA binding factors have been identified (Grayson et al. 1988; Monaci et al. 1988; Costa et al. 1989 ).
The number of oqPI genes per haploid genome varies among mammalian species. Primates, including baboons and humans, contain a single gene (Rosenberg et al. 1984; Kurachi et al. 1981) , as do sheep (Brown et al. 1989) , rats (Chao et al. 1990) , and the mouse species Mus caroli (Berger and Baumann 1985; Latimer et al. 1987; Rheaume et al. 1988) . However, multiple genes are found in the mouse species M. domesticus (Hill et al. 1985; Krauter et al. 1986; Krauter 1990, 1991) , indicating that oqPI gene amplification occurred recently in mammalian evolution.
The tissue specificity of oqPI expression also differs among species. In Mus caroli, the gene is abundantly transcribed in renal tubular epithelial cells in addition to the liver (Berger and Baumann 1985; Latimer et al. 1987; Rheaume et al. 1988 ); this contrasts sharply with other species, where transcription is predominantly liver-specific (Grayson et al. 1988; Monaci et al. 1988; Costa et al. 1989) . Renal a~PI expression in M. caroli is regulated by androgens during postnatal development, while hepatic expression is at the adult level at birth (Latimer et al. 1987) .
Primary sequence comparisons among a variety of serine proteinase inhibitors, both within and between mammalian species, have revealed that the reactive center, which determines the inhibitors' specificity for proteinases, shows a high level of sequence divergence compared to other regions of the protein (Hill et al. 1984; Hill and Hastie 1987; Borriello and Krauter 1990) . It has been suggested that this reflects an accelerated rate of evolution that may have occurred in response to somesort of positive Darwinian selection (Hill and Hastie 1987) . This may be a general feature of serine proteinase inhibitor evolution.
It is clear, therefore, that the organization, sequence, and expression of oqPI genes have been modified during evolution. In the present study, we have made a detailed comparison of mammalian eqPI genes and their encoded mRNAs. We have placed particular focus on the timing and species specificity of oqPI gene amplification and the extent of reactive center divergence. Our analysis indicates that amplification of the alPI gene occurred prior to the onset of speciation within the Mus genus; evolution of the genus was characterized by modification of the size of this primordial gene family. In addition, we find that rapid divergence of the reactive center, a process driven by positive Darwinian selection, occurred among Mus species, but not among other mammals. Thus, selective forces driving evolution of the reactive center have been exerted in a taxon-specific manner.
Materials and Methods
Animals. Mice of species M. domesticus (strain C57BL/6J) were purchased from the Jackson Laboratory (Bar Harbor, ME). Mus hortulanus, Mus spretus, and Mus caroli were obtained from Dr. Verne Chapman (Roswell Park Cancer Institute, Buffalo, NY). Mus cervieolor, Mus cookii, Mus saxicola, and Mus pahari were provided by Dr. Michael Potter under terms of a contract between the National Cancer Institute and Hazleton Laboratories. All animals were used at 2--4 months of age.
Southern Blot Analysis of otzP1 Gene Organization. DNA was extracted from the livers of mice representing each of the Mus species by the methods of Sampsell and Held (1985) . Samples containing 10 ~g DNA were digested with EcoRI, and the resulting fragments were fractionated on 1.0% agarose gels, transferred to a nylon filter, and hybridized to an cqPI-specific probe overnight at 65°C in buffer containing 4 × SSC (1 x SSC = 0.015 M sodium citrate, 0.15 M sodium chloride, pH 7.0); the membrane was washed for 2 h at 65C in buffer containing 2 x SSC, and for 30 min in buffer containing 0.5 x SSC. The probe was the cDNA insert of plasmid pCR12, which is a 503-bp PstI fragment of an a~PI cDNA isolated from M. dornesticus strain BALB/c (Rheaume et al. 1988 ).
Cloning and Sequencing of an ~1P1 cDNA from M. saxicola. A cDNA library was prepared from liver mRNA of M. saxicola in the vector hgtl0 (Chaudhuri et al. 1991) . Phage clones containing cDNAs corresponding to alPI mRNAs of M. saxicola were isolated from the library using plasmid pCR12 as probe. The 1.4-kb cDNA of one phage was subcloned into pBluescript SK(+) (Stratagene, Inc.), generating plasmid pCRI73; it was sequenced by the dideoxy chain termination method (Sanger et al. 1977) . Sequencing was facilitated by construction of nested deletions generated with exonuclease III (Henikoff 1984) , resulting in a number of overlapping sequences. About two-thirds of the sequence was verified on both strands.
To screen for reactive center heterogeneity among M. saxicola alPIs, 87 additional cDNA clones were purified, and a l tll aliquot of each phage stock was grown overnight as a single plaque on a lawn of E. coli C600 cells; the plaques were transferred to nylon filters (Benton and Davis 1973) and hybridized to an end-labeled oligonucleotide corresponding to the reactive center region of pCR173 (nucleotides 1,147-1,166; see Fig. 2 ). The cDNA inserts in the nonhybridizing clones were amplified by asymmetric-PCR using primers corresponding to the vector/ insert junctions of ;~gtl0; the single-stranded products were sequenced with a primer representing residues 1,093-1,112, which is just outside the reactive center. (See Fig. 2 .) Oligonucleotides corresponding to newly identified reactive centers were hybridized to the nylon filter containing the collection of phage clones.
This process was continued until all 87 clones were accounted for.
Computer analysis of mammalian etaPIs was done using the sequence analysis software package of the Genetics Computer Group (Devereux et al. 1984) . Synonymous and nonsynonymous substitution rates (Ks and KA, respectively) were calculated using a program developed by Li et al. (1985) ; this program was provided by Dr. W.-H. Li. Phylogenetic trees were constructed from distance matrices and were based upon K s values; branch lengths were determined by the method of Fitch and Margoliash (1967) , as described by Li (1981) . Previous studies indicated that the number of functional alPI genes varies among mammalian species; inbred strains of M. domesticus contain five genes (Hill et al. 1985; Boriello and Krauter 1990, 1991) while M. caroli, rats, sheep, and primates contain only one (Kurachi et al. 1981; Rosenberg et al. 1984; Berger and Baumann 1985; Latimer et al. 1987; Rheaume et al. 1988; Brown et al. 1989; Chao et al. 1990) . To obtain a rough estimate of cqPI gene copy number in the species M. saxicola, which is derived from a lineage that separated early in Mus evolution (Tseng-Crank and Berger 1987; Jouvin-Marche et al. 1988) , genomic DNAs were digested with EcoRI and analyzed by Southern blotting. The probe, a 503-bp PstI cDNA fragment (see Materials and Methods), spans a single EcoRI site within the M. domesticus and M. caroli alPI genes and should hybridize to two DNA fragments totaling a length of about 9 kb (Rheaume et al. 1988; Latimer et al. 1990) . As seen in Fig. 1, M . domesticus and M. saxicola exhibited four to six relatively intense bands that represent a total of about 22-35 kb of DNA. In contrast, M. caroli contains two lightintensity bands that represent a total of about 9 kb of DNA. Since it is known that M. domesticus contains five alPI genes (Hill et al. 1985; Krauter et al. 1986; Boriello and Krauter 1990, 1991) , and M. caroli contains only one (Latimer et al. 1990 tailed analysis of the alPI gene family in M. saxicola. A cDNA library was prepared from M. saxicola liver mRNA and screened for alPI clones; plasmid pCR173, containing a 1.4-kb eqPI cDNA, was isolated and sequenced (Fig. 2) . Alignment with the sequences from other Mus species (Sifers et al. 1990; Latimer et al. 1990) One of the M. saxicola clones that did not hybridize to the reactive center oligonucleotide of pCR173 was chosen for further analysis. PCR amplification, followed by direct sequencing, led to identification of a distinct reactive center in this clone. An oligonucleotide corresponding to this region was found to hybridize to 13 clones, none of which hybridized to the first oligonucleotide. Through additional cycles of oligonucleotide hybridization and PCR amplification/sequencing of nonhybridizing clones, we identified two more reactive center sequences: the third corresponded to 38 clones while the fourth corresponded to five clones. Thus, based upon reactive center sequences, we could classify the 87 cDNAs of M. saxicola into four groups (Fig. 4) , indicating the existence of at least four oqPI genes in this species. This is consistent with conclusions drawn from the Southern blot experiments. (See Fig. 1 .) The four mRNAs are currently being sequenced in their entirety. Partial sequences obtained thus far (R. Goodwin, unpublished) indicate that the M. saxicola gene family, like that in M. domesticus (Boriello and Krauter 1991), exhibits a high degree of sequence divergence within the reactive center region.
Origin of the Murine alPI Gene Family
We used the extent of synonymous substitution to more accurately determine the evolutionary relationships among the various eqPI mRNAs. Since synonymous base substitutions within the coding regions of mRNAs do not affect amino acid sequences, they are generally considered to be selectively neutral, and accumulate at a constant rate over time. Thus, the number of synonymous changes between two sequences is a measure of the time since they shared a common ancestor (Kimura 1977 a Values for K s (below diagonal) and K A (above diagonal), in substitutions per site, were determined using a computer program developed by Li et al. (1985) ; standard errors are given in parentheses. The following species were analyzed: Mus domesticus inbred strains C57BL/6 (DB6) and BALB/c (Dc); Mus caroli (Car); Mus saxicola (Sax); rat (R); sheep (Sh); baboon (Ba); and human (h). All sequences were from the literature (Rosenberg et al. 1984; Kurachi et al. 1981; Brown et al. 1989; Chao et al. 1990; Hill et al. 1984; Sifers et al. 1990; Latimer et al. 1990) , except that for M. saxicola, which was determined in the present work (Fig. 1 ). Comparisons were made for the entire coding region (428 codons, see Fig. 2 ); for strain BALB/c, they were made for the C-terminal 213 codons, since only that region of the mRNA has been sequenced (Hill et al. 1984) the (Festing 1989) . Indeed, other genes that have been analyzed in these species, including RP2 and Odc, have diverged in concert with the species themselves (Chaudhuri et al. 1991; Johannes and Berger 1993) . To determine when the ohPI multigene family arose, we utilized the K s values in Table 1 to calculate the separation times for the various mRNAs. Evolutionary rates of 6.5 x 10 -9 changes/site/year for rodent lineages, and 3.0 x 10 -9 changes/site/ year for sheep and primate lineages were assumed in these calculations; these represent average rates derived from analysis of a number of mammalian genes (Li et al. 1987) . The divergence times are presented in Table 2 , and the corresponding phylogeny is shown in the lower panel of Fig. 5 . Separation of the rat, sheep, and primate sequences parallels divergence of the species themselves, indicating that these mRNAs are products of a single allelic OtlPI gene that is evolving in a conventional fashion. In contrast, the four Mus sequences radiated from a common ancestor about 10-13 Mya (Fig. 5) Table 1 , and rl and r2 are evolutionary rates (in changes/ site/year) for lineages leading to the two species. The evolutionary rate used for rodent lineages was 6.5 × 10 -9 while that used for sheep and primate lineages was 3.0 x 10 -9 (Li et al. 1987) gence does not parallel Mus phylogeny. The results, in total, suggest that amplification of the oqPI gene occurred prior to the time of formation of the first species lineages of the Mus genus; existing murine species have fixed various members of this primordial family.
S A X I :
A T T I V E A V F M S L P P I L H F N H P F V
Rapid Evolution of the eL~PI Reactive Center Specifically Within the Mus Genus
Several studies have shown that the reactive centers of serine proteinase inhibitors, including alPI, have been subjected to a positive Darwinian selection that has accelerated the rate of evolution of this region of the protein (Hill et al. 1984; Hill and Hastie 1987; Laskowski et al. 1987; Boriello and Krauter 1990, 1991) . However, analyses to date have not indicated whether this phenomenon has occurred in all mammalian lineages. To determine if rapid reactive center evolution is taxon-specific to any degree, we measured the extents of divergence in this region among eight species for which appropriate sequence data are available. The coding regions of the oqPI mRNAs were divided into two domains: domain 1 spans the region between codons 367 and 387, and includes the reactive center (Boriello and Krauter 1990, 1991) ; domain 2 includes the 366 N-terminal codons. (See Fig. 2.) For each of the 28 pairwise comparisons among the eight mammalian species, the KAS for domains 1 and 2 (termed KA1 and KA2, respectively) were calculated and expressed relative to the K s for domain 2 (termed Ksz). The ratio KAI/Ks2 measures the rate of amino acid replacement in the reactive center relative to the overall neutral rate of OtlP] mRNA evolution. A ratio <1 would indicate that the amino acid replacement rate is less than the neutral rate, suggesting a selection against amino acid substitutions in the reactive center region. Conversely, a ratio >1 would indicate that the amino acid replacement rate exceeds the overall neutral rate; such would be consistent with the existence of a positive, or diversifying, selection. Table 3 shows that the KM/Ks2 ratios for mammalian a~PIs averaged 0.79 +--0.49. Interestingly, the average ratio for murine species was much higher than for the other mammalian species. While the ratios for Mus sequences averaged 1.48 -+ 0.40, those for rat, sheep, and primate sequences averaged 0.27 ---0.068 (Table 3 ). The reactive centers of human and baboon are, in fact, identical (Fig. 3, Table 3 ). Thus, within the genus Mus, the alPI reactive center has accumulated amino acid replacements more rapidly than have other regions of the inhibitor. This has not occurred in other mammalian species, indicating that the phenomenon is taxon-specific. The fact that KA1/Ks2 > 1 for all comparisons among the murine species suggests the existence of a positive selection pressure driving the accumulation of amino acid replacements in the reactive center region.
The KA2/Ks2 ratios, reflecting the amino acid replacement rate throughout most of the a~PI molecule relative to the neutral rate, averaged 0.35 +-0.095 among the eight mammalian species (Table 3) . The mean ratios were 0.45 +_ 0.14 among Mus species and 0.29 ---0.063 among the others. Thus, most of the amino acid coding region is under negative selection and does not show an overall high rate of accumulation of nonsynonymous substitutions, as does the reactive center.
Discussion
Earlier studies had shown that inbred strains of M. domesticus contain five alPI genes (Hill et al. 1985; Krauter et al. 1986; Krauter 1990, 1991) . In contrast, only a single gene exists in the murine species M. caroli, as well as in rats, sheep, (Li et al. 1985; Tseng-Crank and Berger 1987; Britten 1986; Jouvin-Marche et al. 1988 ). BL/6 and BALB/C represent inbred strains C57BL/6J and BALB/cJ, respectively, of M. domesticus. The phylogeny of alPI mRNAs is shown in the lower panel, and is based upon the synonymous substitution rates in Table  1 (Rosenberg et al. 1984; Kurachi et al. 1981; Brown et al. 1989; Chao et al. 1990; Berger and Baumann 1985; Latimer et al. 1987) . Thus, at some time during evolution of the Mus genus, eqPI gene amplification occurred, and led to fixation of a gene family in M. domesticus. Southern blotting experiments ( Fig. 1) indicate that M. saxicola, like M. domesticus, contains multiple etlPI genes. Sequence analysis of the reactive center regions of cDNA clones corresponding to alPI mRNAs of M. saxicola led to the identification of four distinct genes in this species (Fig. 4) . It is thus clear that a family of genes has been fixed in at least two distantly related Mus species. Two scenarios might explain the presence of eqPI multigene families in both M. domesticus and M. saxicola. It is possible that amplification of the alPI gene occurred several times during evolution of the Mus genus, and thus the gene families present in existing species arose independently. Alternatively, eqPI gene amplification may have predated Mus speciation, occurring prior to formation of lineages leading to existing Mus species; subsequent evolution of the genus could have resulted in a multigene family in some species (e.g., M. domesticus and M. saxicola), but not in others (e.g., M. caroli). This second possibility is consistent with the phylogeny of the e~lPI mRNAs (Fig. 5) , which indicates that the mRNAs in different murine species diverged from a common ancestor before separation of the first lineages leading to current Mus species. This suggests that eqPI gene amplification did occur prior to Mus speciation, so existing species contain what are essentially evolutionary remnants of this primordial gene family.
If, in fact, an eqPI gene family was already present in the pre-Mus population, then how did interspecies variations in gene copy number originate? Perhaps the progenitor Mus population was polymorphic with regard to the number of eqPI genes; during speciation different haplotypes from this population were fixed. Gene copy number polymorphisms do exist within species (Takenaka et al. 1991; Zhu et al. 1991 Several studies have demonstrated that the reactive centers of serine proteinase inhibitors have evolved at an accelerated rate, driven by a positive Darwinian selection (Hill et al. 1984; Hill and Hastie 1987; Laskowski et al. 1987; Boriello and Krauter 1990) . Such a mode of evolution was initially demonstrated for oqPI and Spi-2 genes; the latter encode a~-antichymotrypsin in the human, contrapsin in the mouse, and a serine proteinase inhibitor of unknown specificity in the rat (Hill et al., 1984; Hill and Hastie 1987) . More recently, Yoon et al. (1987) have identified two members of a novel growthhormone-regulated serine proteinase inhibitor family that show a high number of amino acid replacements within their reactive centers. Krauter (1990, 1991) have shown that the reactive centers of the five oqPIs in C57BL/6 mice are extensively diverged; this also appears to be the case for the eqPI gene family members of M. saxicola (Fig. 4) . The present study indicates that rapid evolution of the reactive centers of mammalian a~PIs is taxon-specific, having occurred in mice, but not in rats, sheep, or primates. However, the phenomenon may not be unique to the Mus genus. Suzuki et al. (1991) have pointed out that rabbit and guinea pig eqPIs, which are also encoded by small multigene families, show extensive divergence within 129 their reactive centers. Thus, it is likely that both alPI gene amplification, as well as acceleration of the amino acid substitution rate within reactive centers, occurred in several distinct mammalian lineages. An interesting correlation exists between the presence of multiple oqPI genes and the occurrence of rapid reactive center divergence (Suzuki et al. 1991) ; the only exception to this is M. caroli (Latimer et al. 1987 ; Table 3 ). It may be that gene amplification and rapid reactive center divergence are coupled--i.e., formation of gene families is a prerequisite to increasing the reactive center's amino acid substitution rate.
A role for positive selection in driving rapid reactive center divergence is implied by the observation that the number of nonsynonymous substitutions within the %PI reactive center exceeds the number of synonymous substitutions in other regions of the mRNA (Table 3) . Thus, the reactive center may have been under a diversifying selection pressure that favored the accumulation of amino acid replacements. The effects of such replacements upon oqPI function are not known. Some of the changes occur at the P~ amino acid (see Fig. 3 ), which is a critical residue in the determination of target proteinase specificity (Travis and Salvesen 1983) ; thus, a possible consequence of reactive center divergence might have been alterations in the nature and/or number of proteinases recognized by the inhibitor. Another possibility relates to the observation that the reactive center forms a protruding loop that is highly susceptible to proteolytic attack (Kress and Catanese 1981; Huber and Carrell 1989; Stein et al. 1990 ). Perhaps divergence within the reactive center offers broadened protection against such attack. It is interesting to note that most of the amino acid replacements within the reactive center have occurred in the region that is N-terminal to the P1 residue (Fig. 4; Boriello and Krauter 1990) ; this subregion forms the major portion of the protruding loop (Huber and Carrell 1989; Stein et al. 1990 ). Hill and Hastie (1987) have suggested that infectious parasites may have been important sources of selection upon the reactive center. These organisms secrete a wide variety of proteolytic enzymes, including serine proteinases, that are involved in invasion of the host and digestion of extracellular proteins within the bloodstream (Banyal et al. 1981; McKerrow et al. 1985; Rosenthal et al. 1989 ). Amplification of genes encoding proteinase inhibitors, along with acceleration of divergence within their reactive centers, may have provided an effective strategy for combating parasitic invasion. Thus, there may be an evolutionary "interplay" between proteolytic enzymes and proteinase inhibitors, re-suiting in rapid coevolution of both classes of proteins (Neurath 1984; Creighton and Darby 1989) . Regardless of the exact nature of the selective forces involved, the present study makes clear that such forces were exerted in a taxon-specific manner, driving the evolution of OtlPI reactive centers in some, but not all, phylogenetic lineages.
